We propose the first model of a polypeptide chain based on a hybrid-particle field approach. The intramolecular potential is built on a two-bead coarse grain mapping for each amino acid. We employ a combined potential for the bending and the torsional degrees of freedom that ensures the stabilization of secondary structure elements in the conformational space of the polypeptide. The electrostatic dipoles associated to the peptide bonds of the main-chain are reconstructed by a topological procedure.
Introduction
Field-based approaches where molecules are represented by density-fields offer today a rigorous and computationally efficient way of simulating condensed-phase systems at the mesoscopic scale. 1 Particularly popular in polymer science are the self consistent field (SCF) approaches originating from the work by Edwards 2 and Helfand. 3, 4 In SCF, the polymer segments composing a melt are treated as non interacting systems coupled to an external field responsible for the deviation from the ideal behavior. In analogy to Kohn-Sham equations for quantum density functional theory, 5 the external field is computed self consistently from a statistical average of the spatially inhomogeneous segment density distributions interacting with the external field. Applications ranging from polymer brushes, 6,7 polymer composites, 8 block copolymers melts, 9,10 to colloid particles, 11 demonstrate the usefulness of the method.
The central step in density-based approaches is the definition of a mesoscopic density associated to a microscopic molecular configurations of the system. For molecules of complex architecture, this step can be challenging. Recently, Müller et al 12 proposed a hybrid particle-field scheme (hPF hereafter) which retained computational advantages of SCF-theory while keeping the molecular detail of the polymer chains.
In this approach, a polymeric system is modeled as an ensemble of independent chains in a fluctuating external field. The external field models instantaneous interactions between chains and is computed from spatial inhomogeneous densities of particles.
Configurations of the system are sampled through a Monte Carlo procedure. 13 hPF methods has been successfully applied on various polymer and soft matter systems including homopolymers, block-polymers or nanocomposites [13] [14] [15] [16] [17] [18] .
The extension of the hPF formalism to the calculation of density gradients and forces led to the possibility of coupling the hPF method with molecular dynamics protocols (hPF-MD). 19 Calculation of potential energy terms and forces from local densities results in much more efficient simulation than ordinary molecular dynamics. 20 Firstly, by computing forces from the density field, the expensive non-bonded pair interactions of ordinary MD are avoided. Secondly, by only storing the density and not pair list in the memory, the time propagation algorithm for the motion of the individual particles is de facto embarrassingly parallel. 20 First application studies on homopolymers and block copolymers 19, 21 demonstrated the effectiveness of hPF-MD in describing soft-matter and polymeric materials both at the mesoscale and atomistic resolution. 22 More recently, hPF-MD was used to describe the morphology and dynamics of amphiphilic systems in the aqueous environment, in particular of phospholipids [23] [24] [25] [26] and surfactants, 27, 28 paving the way to the possibility of using hPF-MD to investigate biological systems. 29 Among the biological polymers, the development of computational multi-scaling approaches for proteins is particularly challenging, but of great interest. In fact, biologically active polypeptide chains can be as short as few tens of amino acids (aa hereafter), or comprise single chains of tens of thousands of aa, like for example in titin. 30 Moreover, individual proteins can aggregate or assemble in organized multimers yielding nanofibers and nanotubules, 31,32 as well as give rise to crowded functional structures, for example, in several membrane-interfering antimicrobial peptides. 33 The computational investigation of such phenomena at a computational level relies on the ability of models to describe both the local interactions determining structural features of each protein-protein assembly, and the interplay among different proteins and the environment that yields to the formation of complex nanostructures. Molecular-resolution approaches based on parameterized potentials, and in particular the representation at all-atom resolution, are in principle the best models for describing molecular interactions. 34 Unfortunately, their computational costs are still too high to allow their use for the investigation of the dynamics of protein complexes at the mesoscale.
Here, we introduce a first hPF-MD approach to study protein dynamics. hPF-MD requires an underlying molecular model at coarse-grained (CG) resolution. To ensure good performance and high accuracy of hPF-MD, the CG model has to posses a series of features. First, the intra-molecular potential driving the conformational changes of the molecule has to reproduce, at the pure CG level, the main features of interest of the conformational space. Second, the CG mapping should represent all the molecular moieties with a similar resolution, with the fewest possible bead types. This is necessary in order to have numerical stability with the grid size used for the density evaluation, and the highest computational efficiency for hPF-MD.
The simplest approach to model a protein can be one single ellipsoid or spherical bead which is matched to the hydrodynamic radius of the overall chain. This approach has been applied to study phenomena on very large diffusion scales where the protein can be approximated by a single diffusing entity. 35 Retaining a molecular-detailed description, several CG potentials have been proposed in the past, 36-39 aiming for a direct physical representation of the interactions driving the motion of the peptide chains. The functional forms and the corresponding parameters available today are derived from either bottom-up or top-down strategies, 40 by calibrating parameters on thermodynamic experimental data like partition coefficients in water/oil phases, 41, 42 or from higher-resolution all-atom simulations. 43, 44 For example, force-matching techniques have been developed by Voth and coworkers [45] [46] [47] and successfully been applied on peptides, 48 protein assemblies 49, 50 and protein-membrane interactions. 51, 52 The definition of the intra-molecular terms is a key issue for the reliability of CG models in describing the conformational landscape of a polypeptide. In fact, some of the most successful potentials either make use of molecular Hamiltonians characterized by very complex functional forms 53 or adopt simpler potential energy functions where the local configurations and secondary structure elements are restrained to a given reference. 41 At present, it is understood that, in order to correctly describe the complexity of the conformational landscape of polypeptides, the introduction of directional contact interactions mimicking the formation of H-bonds between peptide bonds is required. 37, 54, 55 Explicit treatment of electrostatic interactions is usually avoided in CG simulations, 37 due to its very high computational costs in the condensed phase. 56 In fact, long-range electrostatics is a key ingredient of the physics of proteins. 57 Several CG models for proteins have progressively introduced it at different levels of complexity. 41, [58] [59] [60] [61] [62] [63] [64] [65] [66] Among others, in the past decade Cascella and co-workers introduced a model where the orientation of the backbone dipoles are directly reconstructed starting from the geometry of the Cα's. 67 This protocol gives CG electrostatics in agreement with atomistic simulations, 67 and is able to stabilize protein secondary structures. 68, 69 Starting from this approach, here we propose a poly-peptide model based on a two-bead mapping, where the hPF-MD formalism is used to describe intermolecular interactions.
The functional form of the intra-molecular terms for this model is designed to describe the complex conformational landscape of peptide chains. Internal coordinate system Following ref., 67 given three consecutive CA's in a peptide chain, we define a local reference system with orthonormal basis vectorŝ v,n andm (shown in Figure 1 ) with its origin at the central CA 2 bead. The first unit vectorv is oriented along the CA 2 -CA 3 bond, the second unit vectorn is oriented along the normal direction to the CA 1 -CA 2 -CA 3 plane, and the third orthogonal unit vectorm is determined from the first two using the right-hand rule.
Dipole reconstruction The dipoles of the backbone {µ} are represented by two charges q ± = ±0.25 au positioned at:
where γ is the CA 1 -CA 2 -CA 3 angle, r 3 is the position of CA CB reconstruction The positions of the centroids CB representing the side chains of the amino acids are obtained by a procedure similar to that introduced for the backbone dipoles, and by Levitt. 70 In this case, the unit vectord CB pointing at the CB bonded to CA 2 is expressed as a function of the bending angle γ:
where d 0 = 0.38 nm is the distance to the side chain centroid. In this work, we choose to identify the position of the CB along the atomic C α − C β direction, as previously done in other general models. 70, 71 The parametrization was optimized by a weighted least-square fitting on relative orientations of the C β atom gathered from statistics of non-redundant PDB-databank structures (full details on parametrization are given in SI).
hPF potential
In the hPF method, individual polymers are described as a non-interacting systems with hamiltonian H 0 ({r}) coupled via a density-dependent interaction functional W [ρ(r)]: 19,23,24,72-74
For a system made by a number of different particle types, the density dependent functional W takes the form of: 19
Where ρ i is the number density of the i th particle type, χ ij is the mean field coupling term between particles of type i and j, κ is the compressibility of the system, and ρ 0 is the average number density of the system. The external potential V ext i (r) felt by any individual particle of a generic type i at position r is given by:
Intramolecular potential energy function
The potential energy in hPF model is defined as the sum of the intra-molecular terms, which are based on particle interactions, and the intermolecular ones, determined by the particle density.
Here, the intramolecular term V intra takes the form:
the first term is the harmonic stretching potential between two consecutive CA, V γ,φ is a combined bending and torsional potential acting on the CA chain, V LJ is a LennardJones potential taking into account the excluded volume between the CA beads along the chain and V µ i ,µ j is the electrostatic dipole-dipole interaction potential. As a result, Bending-torsional potential V γ,φ As originally described by Warshel and Levitt, 54 CG bending and torsional angles (γ and φ in Figure 1 ) are strongly correlated, being both order parameters that signal the local coiling of the peptide into different secondary structure elements. 37 
falls very close to the variational path connecting the minima of the two basins. It is expected that the qualitative shape of the free energy map is conserved for a generic aa sequence, excluding glycine or proline. 75 Here, we use the following general functional form for V γ,φ :
where k (φ) regulates the harmonic deformations of the chain with respect to γ 0 (φ), and V prop (φ) is a secondary-structure propensity potential that sculpts the presence and the relative height of any potential energy minimum along φ.
Functional forms of k(φ), V prop (φ) Both k(φ), and V prop (φ) functions are expressed as cosine series of the torsional angle:
In the present model, we define c n , d n to obtain a model profile for k(φ) as in 
corresponding to aa's with ideal α-or β-propensity, or to aa's with no propensity.
Intermediate model propensity potentials were built using the following linear combination:
where λ ∈ [−1, 1]. λ < 0 values yield α-propense peptides, and λ > 0 values yield β-propense peptides.
Force calculation
Forces acting on dipoles and on CBs are projected onto the CA, whose positions are the only degrees of freedom that are propagated during the molecular dynamics steps.
Specifically, F a ij , the a th Cartesian component of the force acting on the i th CA due to the j th virtual site (either a dipole charge, or a CB), is:
where r j is the position of the j th virtual site, b j is one of its Cartesian components and F b j is the force on site j in direction b. Additional details on the derivation of the terms in equation (12) are given in SI. Table 1 : Interaction matrixχ = χ · RT (in kJ mol −1 ) for an individual aa of the polypetide chain. α ≥ 0 is a control parameter that describes the hydrophobicity of the same aa. Force-field parameters All systems are described at CG level, with explicit solvent beads. The mass of each CA bead and of the water are all set to 72 amu. The bondpotential has equilibrium distance r 0 = 0.38 nm and spring constant k r = 50000 kJ nm −1 .
Simulation details
Lennard-Jones parameters σ = 0.447 nm and = 3.5 kJ mol −1 are taken from ref. 68 A relative dielectric constant r = 5 is used. Additional details on the evaluation of the electrostatic interactions are given in SI.
hPF-MD simulations All simulations are performed in the NVT-ensemble with a density ρ 0 = 1.0 g cm −3 , at a temperature of 300 K, using a Andersen thermostat with collision frequency f col = 7 ps −1 . The velocity Verlet algorithm is used to integrate the equations of motion with time-step δt= 10 fs. A cutoff r cut = 3.5 nm is used for van der Waals interactions between CA's. Additional force-field parameters are given in SI.
We present three sets of simulations. The first set is on homo-polypeptides of length 15, 30 and 60 aa using type H CB's (CB H ). The second set of simulations focuses on amphiphilic polypeptides. The third set regards interaction of polypeptides with DOPC bilayer. In these sets, we use mixed H, P types for the CB's. Unless differently stated, in all the simulations the initial geometries of the peptides were set as a random coils. The peptide model was implemented in the OCCAM code, and the same code was used for all the simulations. 72 Details on the setup of the different systems, and the MD parameter sets, are given in SI.
3 Results and discussion
Phase diagram of the homopolymer-chain
Within the present model, folding occurs as a balance between the intramolecular potential, driving the local coiling, and the intermolecular forces (hydrophobicity and electrostatics) responsible for the global collapse of the polymer. (Figure 3a) . The structural parameters of the secondary structure elements are presented in Table 2 . The 1 − 4 and 1 − 5 CA-distances of helical structures are in excellent agreement with average values of helices from the PDB databank.
The β-hairpin inter-strand distance and orientation ω are also in very good agreement with experimental values ( Table 2 ). The relatively large fluctuations from the average values have to be attributed to the soft hPF potential compared to particle-particle distance-dependent ones. Helical peptide -Tertiary-structure assembly A peptide composed by four segments with strong helical propensity (λ = -1, equation 11) and amphiphilic sequence, linked by short hydrophilic loops with no propensity (λ = 0) folded locally, as expected, into four helical moieties. The formation of a compact tertiary assembly was promoted by the collapse of a hydrophobic core, as signaled by the stabilization to a low value (1.7 nm) of the radius of gyration R G , when increasing the hydrophobic character from α=10 kJ mol −1 to α=20 kJ mol −1 (Figure 4 ). The folded assembly was stable as a four-helix-bundle, evidenced by the contact map in Figure 4 .
The hydrophobic CB's localized in the core of the assembly, where the screening of the solvent is more effective (Figure 4 ). Solvent screening can be quantified by comparing the water density at the hydrophobic CB's for different values of α to the bulk water density. The values reported in Table 3 indicate that the stabilization of compact conformations is determined by the tendency of the more hydrophobic CB's to separate from the solvent. Helical peptide -Quaternary-structure assembly The same system was simulated removing the loops linking the four helical regions. As evident from Figure 5 , also in this case the association of the peptides increased progressively according to the hydrophobic nature of the side-chains. Nonetheless, due to the larger entropic costs for the aggregation of four independent segments, the formation of fully-stable aggregates was observed only for strongly hydrophobic values (α = 30 kJ mol −1 ), higher than those necessary in the monomeric sequence. For intermediate values of α, dimeric and trimeric sequences were observed.
The four-helix complex showed higher conformational disorder than the monomeric peptide, with the co-existence of two quaternary assemblies taking the form of a four (anti)-parallel-helical bundle, or a two+two helical sandwich. This last finding is consistent with former experimental studies on for helix bundles, which demonstrated that folding into one single, well-defined structure can be obtained only in the presence of some chemical variance of the aa sequence. [82] [83] [84] 
Concluding remarks
We developed and implemented a hydrophobic-polar model for polypeptides based on a two-bead mapping of the amino acids, where the intermolecular interactions are described by density-functional based hPF potentials. We simulated a series of test systems verifying that the model here introduced reproduces the main structural and dynamical features of polypeptide chains. In particular, we could observe: (i) the existence of separate regions of stability for folded, collapsed, and swollen structures as a function of the flexibility and hydrophobicity of the sequence; (ii) the effect of the hydrophobic core in driving the assembling of simple tertiary and quaternary structures, and (iii) that sequences with mixed hydrophobic/hydrophilic patterns localize and fold differently at water/lipid interfaces than in the bulk solvent.
The functional form for the peptide backbone ensures the presence of structural minima for the canonical helical or extended conformations. At the same time, the peptide chain is able to respond to environmental perturbations and to assume locally distorted conformations, whenever the enthalpy/entropy balance is globally favorable.
With this respect, the use of an explicit solvent model guarantees that solvent release is properly taken into account during chain-packing events. Our model showed good capability of responding to environmental changes, like the presence of a lipid bilayer, both by predicting the proper localization of the peptide, and by being able to predict its membrane binding-dependent refolding.
Our model uses a topological reconstruction of the peptide electrostatic dipoles as introduced in previous publications. [67] [68] [69] These elements guarantee both the stabilization of folded structures by mimicking H-bond formation, and a sound description of long-range electrostatics, 67 which may be a crucial ingredient for future studies on macromolecular crowding. Given the low costs and high parallelization of the hPF method, 24 the computational efficiency of the present model is critically dependent on the costs for the electrostatic term. The recent development of an electrostaticconsistent hPF scheme 85 ensures that the presence of explicit electrostatic terms in the molecular Hamiltonian do not become a serious bottleneck for large-scale applications. 29 Future assessment on the performance of hPF with electrostatics and related developments on the same topic may be of greater help for hPF simulations of biological systems, especially thinking to possible extension of the model to nucleic acids.
Finally, here we limited our exploration to model hydrophobic/hydrophilic peptide sequences. Moreover, we have introduced ideal α/β propense potentials that do not correspond to specific amino acid. Thus, the range of applicability of the model, at present, limits to general biophysical studies, and should not be used to describe specific biochemical sequences. Nonetheless, we remark that the bending-torsional potential, and in particular, its propensity term V prop (φ), can be calibrated to quantitatively reproduce the secondary structure propensities of any specific amino acid. For this reason, the present model represents an important first step toward the establishment of a new hPF-based CG force-field for proteins able to describe structural and dynamical features with biochemical detail. 
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